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| NTRoDUCTION

Although blood lead levels (BLLs) have been steadily declining
for decades, exposure from residual sources must be reduced,
since the current guideline of 10 pg/dL is under review.'? In
fact, no safe threshold can be established, now that irreversible
neuro-developmental efects have been measured in children at
BLLs < 5 pg/dL3* Tap water is a significant remaining
contributor to BLLs,>® through many sources: numerous lead
service lines (LSLs) are still in place in North America, which
can result in long-term Pb deposits in premise piping (PP);’
there is a legacy of Pb-containing materials in PP; brass fixtures
and faucets can contain up 10 8% Pb; and solders with 40-50%
Pb content can still be found in an estimated 81 million US.
homes.®® The contribution of particulate Pb to the total Pb
exposure from tap water is unknown. 1t could be considerable,
a5 very high Pb levels in tap water that may indicate a significant
fraction of Pb particles, have been linked to high BLLs in
children.”®™ In order to assess the scale of this exposure, more
information is needed about the occurrence and bicavailability
of particulate Pb.

Drinking water regulations generally require the determi-
nation of total Pb, which includes a fraction of soluble Pb (<0.1
umy), and an essily dissolved fraction of colloidal and particulate
Pb (20.1 ym). However, particulate Pb can be underestimated.
In fact, the historical cidification standard of 0.15% HNO; for
metal analysis will dissolve most Pb colloids and particles;
however, a more stringent digestion is needed to make some Pb
forms soluble.'>"® Also, even though dangerously high
concentrations are fairly rare in data obtained with standard
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protocols, particulate Pb can often occur at significant
concentrations at the tap." Moreover, current sampling
protocols performed at a low flow rate, or preceded by system
flushing, may not reflect the levels to which consumers are
exposed.™ Early reports of Pb relesse from solders and brass
fixtures in a new large building show that particulates >0.2 um
can contribute significantly to Pb levels at the tap.*? In
Montreal, up to 1617 ug/L of particulate Pb (>045 ym) has
been recorded in houses supplied by a LSL, and the
concentrations increased considerably when samples were
collected with repeated, rapid, on/off faucet action at high
flow rates."™ In another study, consistently high particulate
Pb levels (maximum 912 ug/L) were measured in a large
building complex (>045 pm).'® Large buildings may be prone
to particulate Pb release owing to large volumes of PP, which
are often associated with long stagnation times. This raises
special concern for schools and daycare centers, as their
populations are the most wilnerable to Pb effects.

Finally, the impact of particulate Pb ingestion on BLLs can
only be evaluated if the bicavailability of the Pb contained in
the particles present at the tap is assessed. That impact depends
on multiple factors related to their dissolution in the stomech,
such as the particle matrix and size."""® The in vitro
bioaccessibility (IVBA) of Pb particles is the fraction of Pb
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that dissolves under simulated gastro-intestinal digestion
conditions, and becomes available for absorption into the
systemic circulation through the intestinal wall."” [VBA assays
have mainly been developed to evaluate scenario where
children aged 2-3 are exposed fo soil Pb particles due to
hand-to-mouth activity."” Some of the many in vitro protocols
developed have been validated with in vivo data on animals,
piglets being recognized as the animal model best suited to
represent the child’s digestive system.”® The Relative
Bioaccessibility Leaching Procedure (RBALP), described by
Drexler and Brattin, is one of these tests that was fully
validated. '8

The objectives of this study are as follows: (1) to develop an
in vitro test to messure the IVBA of Pb particles from tap
water; (2) to establish the IVBA of Pb in lab-generated and
field-collected particles (substitute for particulate Pb); and (3)
to evaluate the contribution of particulate Pb to the exposure of
children aged 0.5-7 using the Integrated BExposure Uptake
Biokinetic model for Pb in children (IEUBK).

[ MATERIALS AND METHODS

In Vitro Protocol. An IVBA assay for drinking water
particles was developed based on the RBALP.® Modifications
were performed, but not on parameters recognized to affect
IVBA messurements (Supporting Information, SI). All of the
meaterials used were either metal-free or soaked for at lesst 24 h
in a 10% HNO; bath (trace metal grade), rinsed with ultra pure
water, and dried in a Po-free environment. A synthetic gastric
fluid (04 M glycine and ultra pure HCI) was adjusted to pH 1.5
+ 0.05 with HCl at 37 °C on the day of the experiment. A
volume of gastric fluid was then added to the bulk particle mess
previously weighed ina 15 mL tube (0.01-0.08 g), so that the
S/L ratio was equivalent to 1 g of particles for 200 mL of fluid
for field particles, and from 1/100 to 1/200 g-mL™" for lab-
generated particles. The mixture was agitated end-over-end at
28 £ 2 rpm in an incubator at 37 °C. After 1 h, it wes filtered
on a 045 um cellulose acetate filter using a vacuum device (at
lesst 6 rinses). The filtrate was collected in a receptor tube and
diluted to 50 mL. The filter was collected and subjected to aqua
regia digestion (4.5 mL ultra pure HNO; + 1.5 mL ultra pure
HCI; 15 min; 1000 W, 220 °C) using a microwave lab station
(Ethos Series, Milestone). Digested samples were acidified
within 12 h with at lesst 0.5% HNO,; and 05% HCI (ultra
pure). Analyses were carried out with an ICP-MS (Agilent,
7500ce), mostly within 30 days. Metal detection limits were as
follows: 0.2 yg Pb/L, 0.6 pg Cu/L, 1 yg Sn/L, 3 pyg Zn/L, 10
ug Fe/L, and 50 pg Ca/L. If an insoluble solid remained
following microwave digestion, then it was isolated, weighed if
possible, and analyzed by X-ray diffraction (XRD, Bruker D8-
Discover, reflection 8/8, radiation Cukay, A = 154056 A).
Msss balances were performed using Pb reference materials.
The high recoveries for these reference materials (68—106%)
are indicative of the value of the adapted RBALP (SI). During
the in vitro digestion, a blank was performed every 10 samples,
and the pH of the mixture was checked after 1 h every 10
samples, so that pH remained <2. During microwave digestion,
a blank and a control (Pb or multimetal solution) were added
to each batch. The IVBA was calculated as follows:

total Pb (filtrate)

IVBA(%) =
(%) = 5@ Pb (filtrate + flter)
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IVBA (mgPb/gbulkparticles)

= [VBA (mgPb/g)
mgPb (filirate)
g of bulk particles

Lab-Generated Particles. Five types of particles poten-
tially present in tap water were generated in the laboratory:
solder particles (—1 mm) from a 50/50 Pb—Sn solder wire
(Alfa-Aesar); brass “chips” (—50 ym2 mm) from two ball
valves (one of NSF-certified yellow brass (Y-brass), the other of
red brass (R-brass) using a small drill bit); a Pb(l1)-based scale
deposit scratched from an LSL collected in Montreal, which
composition is detailed in Deshommes et al;™ and Pb(IV)
particles <250 um (PbO,, Alfa-Aesar).

Field-Collected Particles. Particles trapped behind the tap
aerator in 351 homes from several boroughs throughout the
city of Montreal were collected,™?! and in a large building
complex near Montreal (45 taps, 12 buildings).' The homes
were categorized as follows: 216 with an LSL, 127 without an
LSL, and 8 “probably” having an LSL (not confirmed). Fifty-
eight percent of the taps sampled in the large buildings and 8%
of the kitchen taps in the homes did not have an aerator, and
the aerators on some taps could not be removed. A total of 88
samples were collected from the homes with an LSL (41%), 44
samples from homes without an LSL (35%), 4 samples from
homes “probably” having an LSL, and 10 samples from large
buildings, mostly behind the kitchen tap aerators. Photographs
were taken of all of the samples collected. Forty-two samples
with sufficient mass (0.01-0.08 g) were used directly. Sets of
particles <0.01 g were mixed per housing category, and 10
random subsamples of 0.02—-0.06 g were constituted and tested
for their IVBA. Sets of particles >0.08 g were fractioned
randomly, and 13 subsamples were tested (SI). Finally, one of
the aerator taps sampled presented a significant number of
solder and iron corrosion particles. These particles were
segregated, grouped by size category for each speciation, and
each group wes tested for its IVBA

[EUBK Simulations. Version IEUBKwin1.1_Build11 weas
used to estimate the BLLs for children aged 05-7. Lexd
exposure from tap water, soil, dust, air, and diet was considered.
Dissolved and particulate Pb concentrations applied for tap
water were a combination of those measured in homes with an
LSL in Montreal™'*?? (random daytime - RDT and 5-min
flushing samplings) and in large buildings close to Montreal ™
(1st flush). To take into account occurrence and absorption
differences for dissolved and particulate Pb, the following steps
were followed to produce the total Po input to the model:

Estimate relative particulate Pb bioavailability (RBA) from its
messured 1VBA%, using the in vivo—in vitro relationship of
Drexler and Brattin:*°

RBA,, = 0.878 x IVBA,, — 0028

Adjust the particulate Pb fraction in the total Pb
concentration input by multiplying it by its estimated RBA%,
and dividing it by the default RBA of 50°% applied by IEUBK
for total Pb:

RBA,, -
50, _

Pbtota;lgf1 = F>bd&';soiv¢sg-,l__1 + JZ:)bpam':date&gf1 x
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Table 1. Description and Justification of the Inputs to the IEUBK Simulations

AGE CATEGORY {yrs) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 JUSTIFICATION
Drinking water intake — L/d 0742 091 0.91 0.91 1 1 1 Values used by Montreal Public Health authorities®
Lo Median soluble Pb: 17; Median {10™-95" percentile) 1, 5., 2
RDT concentration’ in LSL houses — pg Pb/L particulate Pb: 0.9 (0.1-11) Deshommes et al. ; Nour et al.”; Cartier et al.
[+ F for RDT —-% 70 {Figure 6a); 57.5-70 (Figure 6b) -
E N : th qeth "
< . . L b _ Median soluble Pb: 10; Median (10™-95" percentile) 14, N 2
5 Smin of flushing concentration’ in LSL houses — pg Pb/L particulate Pb: 0.2 (0.04-1.4) Deshommes et al.™"; Cartier et al.
5 Freq y for 5 min of flushi —-% 20 {Figure 6a); 17.5-30 (Figure 6b) -
2 st Lo — Median soluble Pb: 51; Median (10“'-95“‘ percentile) Deshommes et al.*®
E 1% flush concentration’ in large buildings — pg Pb/L particulate Pb: 20 (4-490)
Fr for 1% flush ion — % 10 {Figure 6a); 0-25 (Figure 6b) -
N . . RBA evaluated with the in vivo-in vitro relationship by Drexler
RBA —% Particulate Pb: 33; Dissolved Pb: 50 and Brattin,” using median IVBA from this study
Soil + dust intake — g/d 0.085 0.135 0.135 0.135 0.100 0.090 0.085 Default IEUBK
Soil/Dust ingestion weighting factor — % soil 40 Higher than default IEUBK (35) considering cold climate
o
é Soil concentration — pg Pb/g 33.78 Rasmussen et al.”
E Soil RBA — % 30 Default IEUBK
3 R 1% values, adjusted with the in vivo-in vit
3 L . . d asmussen et al.”" values, adjusted wi e in vivo-in vitro
Dust concentration — pg Pb bioavailable/g 52.47 relationship by Drexler and Brattin®
Dust RBA — % 100 Dust concentration considers Pb bioavailability
Indoor Pb concentration — % outdoor 30 30 30 30 30 30 30 Default [EUBK
Time spent outdoor — hr/d 1 2 3 4 4 4 4 Default IEUBK
- Outdoor air Pb concentration — pg Pb/m* 0.0015 Health Canada™
Ventilation rate — m3/d 2 3 5 5 5 7 7 Default IEUBK
Lung absorption — % 32 Default IEUBK
& Dietary Pb intake — pg Ph/d 226 196 213 204 195 205 2.22 Default IEUBK values agree with Canadian values™”’
T
=
o Maternal BLL — pg Ph/dL 1 Default IEUBK values agree with Canadian values®™

92007-2008 Montreal summer sampling campaigns using random daytime sampling—RDT'** (N=196; 2008 monitoring campaign not published), includes 27 samples performed using particulate
stimulation samplings,’® and 15 samples collected at high flow rate.” *From 2006-2008 Montreal summer sampling campaigns'*? (N=218; 2008 monitoring campaign not published). “From
Deshommes et al.’ using only results from taps dedicated to drinking water consumption (N=35. “52% RBA for dust deduced from the in vivo-in vitro relationship by Drexler and Brattin’® and the
geometric mean IVBA of 62%; then, to obtain the concentration of bioavailable Pb (ug Pb/g dust), the median concentration of bioaccessible Pb (63 ug Pb/g dust) was multiplied by its RBA% (52) and

divided by its IVBA% (62).

In this way, the RBA considered by IEUBK for soluble Pb
remained at 50% (default value), and the RBA relative to
particulate Pb was taken into account:

0% x Pbtotai,ugt"
= 30% x Pbd'vssolved,ugf1 + (Pbparticuiate,ug~L_1 x RBA%)

Pb concentrations in dust, soil, and diet, as well as ingestion
rates were population-specific® %" In absence of data, the
default IEUBK values were applied (Table 1).

[ RESULTS AND DISCUSSION

Lab-Generated Particles. [VBA% varied with the type of
particle tested, in the following decressing order: Pb(ll) > R-
brass > Y-brass > Pb(1V) > solder (Figure 1). Such results are

110% g 1vBA% (mean, | min-max) o 439 [ 450
100% - ©IVBAin mg Pb/g bulk particles {mean) | 400
W 95%
90% -| "
*84% r 350 @
80% 0 328 =
70% + 300 5
® =
c 60% t 250 3
£ 58% w0
S
8 50% - b 200 &
= o
4 g £
0% +39% L 150 £
30% - <
100 S
20% - =
o i
10% - ; 57 50
0% 02%.. ©.10., : 0
Solder Pb{iVv) Y-brass R-brass Ph{i)LsL
49% Ph 84%Pb 2%Pb 7%Pb 46% Pb
N=1 N=6 N=3 N=3 N=2

Figure 1. In vitro bicaccessibility (IVBA) for lab-generated particles.
1VBA % on the left Y-axis (mean, min—max); mean IVBA in mg Pb/g
bulk particles on the right Y-axis.
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quite comparable to the solubility of lab-generated particles
reported after about 1 hat pH 1.2 in asimulated gestric fluid by
Triantafyllidou et al."® This classification was independent of
the average Pb content in the particles tested, which was
evaluated at 1.7% for the Y-brass, 6.7% for the R-brass, 46% for
the Pb(1l) scale, 4%% for the solder, and 84% for the Pb(lV)
particles, the latter being quite highly bicaccessible (34—-45%)
under the testing conditions, although they are generally poorly
soluble in drinking water®73° The LSL deposits mainly
composed of Pb carbonates were, not surprisingly, highly
bioaccessible (95-96%), considering their high solubility in this
distribution system that does not apply any corrosion control.™
Pb(1V)- and Pb(ll)-based scales can develop into LSLs, and
therefore may be present at the tap. They can become detached
by physical disturbances in the plumbing associated with
consumers’ water usage patterns (high flow rate, water
hammer), and occasionally, but 1o a large degree, following a
disinfectant change."*?®~3" It must be noted that those two
species of high Pb content, presented a significantly higher
mean [VBA in mg Pb/g bulk particles (328-439) than other
particles tested (7-57) (Figure 1). The brasses and the solder
tested may represent more a widespread source of exposure to
particulate Po for the consumer, since these Pb-bearing
materials are ubiquitous in PP. The relatively low bioaccessi-
bility of the solder and the lower Pb content of brass devices
should not be interpreted as constituting a lower risk of
significant Pb ingestion compared to that of the Pb scales
tested. In fact, the sustained and elevated release of particulate
Pb resulting from the corrosion of brass devices and solders hes
been documented, and may represent a substantial source of
chro1rgi§: %xposure for children attending school/daycare every

Field-Coliected Particle Composition. Figure 2a shows
the cumulative distributions (percentiles) of the main metals
contents in the 65 sets of field particles tested. In about 90% of

dx.doi.org/10.1021/es2045585 | Environ. Sci. Technol. 2012, 46, 6269-6277
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Figure 2. Cumulative distribution (percentiles, %) of the metal
content (%) in the 65 sets of field-collected particles tested. (a) Metals
% for all samples; (b) Pb % per type of building.

the sampies, Pb was the main component present. A median of
4.7% and values up to 71% Pb were recorded in the bulk
particles tested, and 43% of the sets contained more than the
8% Pb formerly allowed for plumbing devices. Tin was the
second largest component of the samples, based on the median
(2.2%). The dominant metals messured in the particles from
the aerators were characteristic of PP (Cu, Pb, Sn, Zn), in
agreement with the particulate Pb forms (brass and solders)
reported in the tap water from these same sites." Iron and
calcium particle content was also significant, and may have
come from deposits formed into the piping over time,
specifically corroded galvanized iron piping in the case of Fe
particles,” Overall, no significant diference (p = 042) wes
found between the Pb content of particles collected from
homes with and without an LSL. However, there is clearly a
higher Pb content in samples from LSL homes than from
homes without an LSL above the 80th percentile of the Pb%
distribution (Figure 2b). It may be incorrect to conclude from
such trends that some LSLs can be a significant source of Pb
particles, since the opposite trend was observed in the 50th to
80th percentile range. In fact, whether or not there wasan LSL,
12/13 samples over the 80th percentile and 4/16 samples in
the 50th—80th percentile range were high in Sn, suggesting
solder, while 9/16 samples in the 50th—80th percentile range
were high in Cu—Zn-8n, suggesting that brass was the most
likely source. Small, friable, Pb-rich deposits released from an
LSL would not be retained by an aerator. Furthermore, they
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would likely be measured in the total Pb analysis during the
digestion procedure. In general, the multimetal composition of
the particles collected indicates that the PP (solder, brass),
rather than the LSL, was the main source. For the samples with
a high Fe content, higher Pb levels were found in homes with
an LSL (0.2-0.8%) than in those without an LSL (0.01%), in
agreement with prior findings.'* These results suggest that, for
the system studied, the absence of an LSL does not greatly
influence exposure 10 Pb particles, since they originate mostly
from the PP.

An eerator can trap a considerable amount of particles,
making this area a significant reservoir of Pb. Among the 42
samples tested directly (ie., one sample from one tap aerator),
the bulk particle mass varied within 0.01-0.08 g, corresponding
to 0.0009-15 mg total Pb (mean: 28 mg). Such Pb-bearing
particles can dissolve during stagnation, or break down and
bresk through the aerator mesh with sheer from flow over time,
contributing to elevated Pb levels at the tap and consequently
to consumer exposure.’>? An obvious way to limit potential
exposure associated with these particles is to advise cleaning the
aerator tap regularly, and to buy faucets in which the aerator
can be essily removed.

Field-Collected Particle Bioaccessibility. Figure 3
presents the distribution of [VBA results from field-collected
particles. The IVBA% was uniformly distributed between 1.5%
and 100%, with a median of 41%. From this median IVBA, a
median RBA of 33% could be deduced using the relationship
proposed by Drexier and Brattin®® [VBA also varies quite
uniformly in terms of mg of Pb bicaccessible per g of bulk
particles between 0.02 and 82, as 64 of the samples are in this
range. An extreme at 436 mg Pb/g was also messured,
corresponding 1o the highest Pb content found in the field
particle samples (71%). IVBA/g values for the field particles fall
within the range of the values for the lab-generated particles,
although they are a bit lower (median: 11 mg Pb/g). The lab-
generated particles were all Pb-bearing, while the field-collected
particles were composed of a mix of particies, only some of
which contained Pb, which decressed the owerall IVBA/g
values. 1t is worth noting that lab-generated particles exhibiting
the highest IVBA (>300 mg Pb/g) were Pb scales from LSLs,
which were not represented in the field particles, as they are too
small and friable to be retained by aerators.

The range of IVBA, whether in % or mg Pb/g, is quite broad
and represents a correspondingly broad range of potential
consumer exposures. As for the Pb content in particles, the
IVBA was not significantly diferent in homes with and without
an LSL (t test, p > 05, for IVBA% or IVBA/g). However, as
noted previously, this lack of impact of the LSL is most likely
explained by the nature of the particles tested, which originated
mostly from the PP. In addition to Pb particles from this
source, consumers living in homes with an LSL may be exposed
to Pb particles released from LSL scale deposits. However,
since particles released from Pb(1l) and Pb(1V) scales are likely
to be very small or colioidal, their contribution is taken into
account in the total and dissolved Pb measurements at the
tap_14,31

The samples were classified based on their dominant phese,
which was defined as composing at lesst 15% of the total mass
of the sample. Five dominant phase categories were identified,
based on the appearance of the particles sampled and on the
metal content and proportion in the particles tested: Ca, Fe,
Cu-Pb-8n-2Zn, Cu—Pb—S8n, and Pb—Sn. Particles containing
on average 27% Ca exhibited the highest IVBA: 32—100%, with

dx.doi.org/10.1021/es2045585 | Environ. Sci. Technol. 2012, 46, 6269-6277
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Figure 3. (a) BExamples of field-collected particles. Note: each side of the squares = 1 nm; (b) Cumulative distribution (percentiles, %) of IVBA in the
65 sets of field-collected particles tested. Y-left axis: O-IVBA %; Y-right axis: =-IVBA in mg Pb/g bulk particles.

amedian of 59% (Figure 4). The median [VBA was comparable
for the Fe (51%), the Cu—-Pb—Sn (50%), and the Cu—Pb-
Sn—2Zn (47%) categories, while the upper values for the Cu-—
Pb—Sn category were lower. Finally, particles for the most part
containing Pb/Sn solders had the lowest IVBA (median 5%).
Moreover, the first twelve values of the IVBA distribution curve
presented in Figure 3 (1.5-6%) correspond {0 samples
composed exclusively (N = 9) or mostly of solders. The
test results comparing the Pb—Sn category and the other phase
categories were all significant (p < 0.0001), while the other
categories were not statistically diferent from one another (p =
0.12-086). On the bhesis of thee observations, consumer
exposure to particulate Pb is determined primarily by particle
type, and strongly influenced by the presence of solders. Pb
speciation in soil and dust particles has been shown fo be a
major predictor of their bioaccessibility, since Pb dissolution
during digestion varies according to the mineral composition of
the Pb particles.'® By compiling their results from soils, the
USEPA was able to generate an [VBA classification based on
the dominant phases present in the soils tested: >75% for
cerussite and Pb-Manganese oxide; 25—-75% for Pb-Phosphate
and PbO forms; and <25% for anglesite, galena, Fe—Pb species,
and the remaining Pb-based oxides.* Finally, Resmussen et
al.2* were able to predict the IVBA by identifying the dominant
Pb species in the dust samples tested with X-ray Absorption
Spectroscopy. However, for the field-collected particles tested
in this study, IVBA differences were most significant between
solders and other categories of particles. These results are
consistent with trends measured with laboratory particles which
reveal a medium to high IVBA% for brasses and typical LSL
scales, while solders constitute the only type of Pb particle with
a low IVBA%.

IVBA results for solder and Fe-based particles collected from
the same aerator and separated by particle size are presented in
Figure 5. Bioaccessibility incressed from 1.5% for solder B
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Cu-Pb-Sn-Zn
(N=13)
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(diameter = 3 mm) to 28% for sample D made up of 35
smooth, rounded solders about 0.5—1 mm in diameter (Figure
5a). Surprisingly, the much larger solder sample, A (4 x 4
mm), exhibited the highest bicaccessibility (4.1%) although
apparently with a much smaller surface to volume ratio.
Differences in [VBA did not correspond to a higher Pb content,
a5 it was quasi-constant in the samples (48—-50%). However,
the irregular shape and rough surface of sample A may actually
provide a larger surface for acid attack than that of other
samples that were rounded and smooth. In the case of Fe-based
particles containing 0.24-045% Pb, IVBA% increased with
decressing particle sizz (+24%; Figure 5b). Although these
investigations on size effects were limited considering the small
amounts and the heterogeneity of the particles tested, it could
be argued that the distribution presented in Figure 3 could
underestimate the IVBA of smaller particulate Pb commonly
found in tap water (>045 um). These results are in agreement

dx.doi.org/10.1021/es2045585 | Environ. Sci. Technol. 2012, 46, 6269-6277
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Pb (C, D); (b) Fe corrosion particles containing 0.24-0.25% Pb (F, G) and 0.45% Pb (H). Note: each side of the squares = 1 nm.

(a)

100 -
90
sd
=80
o m76
] 70 -
=
2 60 - /
50 ) 19
3 A
e 40 e
£ 30
e
ﬁ 20 WGP
10 -
0
L/
ii {7} GM BLL {ug/dL) 0% 100%
3l @~ %BLL>S pg/dL ® - 90% g
~
12 ~@-%BLL> 10 pg/dL ' g0 ¥
u / 70% @
¢l
-'§ 10 - 5
w 9 60%
T s A
g 7 - 50% o
S s a0% £
?9 5 4 H
ab 30% g
3 20% =
2 W
L] 10%
0 0%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percentiles of particulate Pb distribution in tap water

(b)

Total Pb in tap water — pg/L

100% -

% children with BLL>5 pug/dL

100

90 -
80 -
70 -

60

50

90%

80% -

70% -

60%

50%

40%

30%

20% -

10% -

0%

o

-O-- No particulate Pb in tap water
@ Median of particulate Pb in tap water
@ 90th percentile of particulate Pb in tap water

0% 5%

10% 15% 20% 25% 30%

Frequency of tap water consumption in large buildings

Figure 6. |IEUBK simulations considering exposure from soil, dust, diet, air, and tap water. (a) Pb concentrations in tap water considered for
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with prior results on soil/dust particles. The impact of particle
size would be greatest for very small or colloidal particles (<24
um, <63 umy), although the extent of this impact will be greatest
for Pb phases with low solubility.*~*" Conversely, our results
do not indicate any Pb enrichment for the smallest fraction
sizes.® This may relate to the nature of the particles from tap
water, since their Pb content is determined prior to their
detachment into tap water from scales or PP components.
Finally, the 10 times higher IVBA for Pb—Fe particles as
compared to solder particles shows that speciation is the driving
factor of IVBA rather than the bulk particles’ size.

I[EUBK Simulations. The IEUBK model was used to
estimate the impact of particulate Pb on the exposure of
children aged 0.5-7. Soil, dust, air and diet exposures were
adjusted to reflect typical Canadian values (Table 1), which are
significantly lower than the default IEUBK settings, except for
dust, which is comparable. Background dissolved Pb in tap
water applied was determined a5 the weighted average of the
median concentrations from three sampling campaigns
conducted in households with LSL, and a sampling campaign
conducted in a large building complex (Table 1). Using the
median RBA (33%) measured from the particles collected from
these same sites (fieldcollected particles), particulate Pb
exposure was added to the background levels and used ss the
drinking water input as discussed in the Materials and Methods
section. The use of a fixed median RBA value is justified given
the wide and varying range of particulate Pb forms typically
present in tap water and their sporadic presence.™ Figure 6a
represents the impact on BLLs of particulate Pb as a function of
its messured distribution in tap water (0—95th percentile). The
underlying scenario of drinking water Pb concentration is a
weighted mean of 70% RDT samples from a house with an
LSL, 20% 5min flushing samples from a house with an LSL,
and 10% first flush samples from large buildings. This scenario
was selected to represent a conservative yet reglistic estimate of
exposure for a child drinking tap water (either directly or
through water-based food or beverages), living in a house with
an LSL and attending daycare or school. The estimated
geometric mean (GM) BLL and the estimated fraction of
children with BLL exceeding all thresholds are quite stable
when concentrations of particulate Pb are lower than the
median of the particulate Pb distribution (Figure 6a). However,
the impact of particulate Pb becomes noticeable from the 75th
percentile of the particulate Pb distribution, and considerable at
the 90th and 95th percentiles. Specifically, the GM BLL
incresses from 4.6 ug/dL for no particulate Pb content, to 5.6
and 9.2 ug/dL for the 75th and 95th percentiles of particulate
Pb, respectively. More strikingly, the estimated number of
children with BLL > 10 pg/dL, which is the current health
intervention guideline, increases from 5% for no particulate Pb
content, to 11% and 43% for the 75th and 95th percentiles. The
application of a lower BLL threshold at 5 ug/dL dramatically
incresses the estimated fraction of children exceeding the action
level, to 42-90%. This illustrates the ramifications of the
anticipated lowering of the BLL threshold, as the current 10
pg/dL threshold wes recently recognized as no longer valid,
considering the significant neurodevelopmental effects ob-
served in children BLLs < 5 pg/dL.' ™

Finally, to assess the representativeness of these simulations,
the modeled BLLs were compared to BLLs recently reported in
Montreal. An adjusted GM of 1.90 pg/dL (95% ClI: 1.59-2.27
pg/dl) was messured on 171 children aged 1-6 living in
households with an LSL2" The IEUBK estimate of 4.6 pg/dL
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(without particulate Pb) significantly exceeds the measured
BLLs. Several factors explain this difference. The BLL study was
completed in fall and winter during which time Pb
concentrations at the tap in households with an LSL were
extremely low (median 4.0 ug/L), due to both the type of
homes samgled and the low water temperature (14 °C in
December)2'"*® The total Pb concentrations used in our
simulations for households with an LSL, based on summer
samples, were much higher with median values of 20 and 11
pg/L for RDT and 5 min flushing samples respectively.
Although a different pool of houses was sampled, it is evident
that higher water temperatures are associated with higher Pb
tap concentrations. Considering the amplitude of the variations
of Pb concentrations at the tap, a short-term exposure model
would be preferable for predicting seasonal BLLs.*° Moreover,
our simulations consider 10% of the tap water consumption in
a problematic large building complex. The IEUBK estimate
without this contribution (70% « RDT and 30% : 5-min
flushing, LSL households, no particulate Pb) decreases to 4.1
ug/dL. The remaining gap between messured and modeled
BLLs may also reflect the differences between the water intakes
used. Our IEUBK simulations consider that children drink a
significant volume of tap water daily, as determined by the local
health authority (742-1000 mL/d)2® wheress children
selected in the BLL study apparently consumed less tap
water (295-385 mL/d).2" Selecting higher consumption values
is desirable to produce conservative yet redlistic estimates of
population exposure and to protect susceptible populations.”
Finally, our simulations considered children aged 05-7. As
expected, the highest BLLs were predicted for children under 3.
The BLL study was mostly conducted on children aged 3—-6
(62%), who are projected to show lower BLLs.

The significant BLL increases observed in Figure 6a, resulting
from the particulate Pb exposure of children consuming 10% of
their water in large buildings such as a school, are driven by the
distribution of particulate Pb concentrations found in these
large buildings. As shown in Table 1, the large building complex
studied presents significantly higher particulate Pb than
residences with an LSL, and are clearly problematic buildings.
Figure 6b shows the impact of incressing the fraction of tap
water consumed in such buildings, reflecting the time spent out
of the home during daycare or school. The proportion of tap
water consumed in large buildings was increased progressively
from 0 to 25%. The importance of greater consumption of tap
water from these large buildings is clearly shown by the fraction
of children with BLLs > 5 ug/dL, which rose from 31% to 54%
when the consumption incressed to 25%, considering no
exposure to particulate Pb (exposure 10: soluble Pb-tap water;
Pb-soil; Pb-dust; Pb-diet; Pb-air). If median particulate Pb
concentrations are added to the background soluble Pb
exposure, then the fraction of children exceeding the threshold
incressed from 33 to 62%. If a higher value is used, such as the
90th percentile of particulate Pb concentrations, then 41 to
94% of children are expected to exceed the 5 ug/dL threshold.
These results suggest that particulate Pb can significantly
contribute to Pb exposure at the tap, to the same extent as from
Pb relessed from LSLs, especially in light of the anticipated
reduction of the BLL threshold. The contribution of particulate
Pb at the sites studied was dominated by the fraction of water
consumed in these large buildings and the selection of the
percentile concentration. Our results suggest that large
buildings with elevated particulate Pb should be identified in
order to lower Pb exposure from tap water. It would appear to
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be a matter of urgency, therefore, to conduct sampling
campaigns in large buildings using protocols designed to detect
both soluble and particulate Pb, so that critical situations can be
identified and mitigated.
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